Abstract. The article discusses the theory associated with the determination of total heat and mass transfer coefficients in a membrane module. The equations for determining Nusselt and Sherwood numbers on the shell side of the module are presented. The design of the membrane module and the test bench are also discussed. The convective coefficients of heat and mass transfer on the shell side have been determined on the basis of the measurements. Calculation results obtained from correlation equations were then compared with the results of experimental investigations of convective heat and mass transfer coefficients in the airwater system. The equation is indicated appropriate for use in the case analysed.
Introduction
Membranes are currently used in many industries to conduct various types of separation processes. They can also be used in HVAC (heating, ventilation and air conditioning) systems to conduct air treatment processes for example drying, humidifying or evaporative cooling [1] [2] [3] . The benefits of using membranes in the air treatment process include, for example, lack of direct contact between liquid and air, elimination of liquid droplets in the air stream, prevention of microorganisms, bacteria or spores between phases and prevention of liquid contamination by airborne dust [4, 5] . Such benefits are not offered by traditional air treatment techniques.
A problematic issue may be the design of large-scale membrane modules due to the discrepancies associated with the determination of heat and mass transfer coefficients. An accurate prediction of the efficiency of the hollow fibre membrane can be limited by models of heat and mass transfer coefficient on the shell side. Several correlation equations have been developed by various authors for the different processes and conditions of fluid flow through the membrane module, allowing the determination of the Nu and Sh numbers on the shell side [6, 7] . The application of certain equations may result in large discrepancies in the results of calculations.
This article hence presents examples of empirical equations for determining Nu and Sh numbers. The results of the calculations obtained from correlation equations were compared with the results of experimental investigations of convective heat and mass transfer coefficients in the air-water system. The equations appropriate for use in the analysed case were then indicated.
Theory
As a membrane module, the calculation of the heat and mass exchanger requires, among others, determination of hydrodynamic conditions of the flow of individual fluid streams and determination of heat and mass transfer coefficients as well as determination of the average temperature or concentration difference. The basic equations used in the design of exchangers are equations that allow us to determine the total heat and mass flows. According to studies [8, 9] the overall mass transfer rate can be determined as:
Analogously for the heat transfer rate:
Overall heat and mass transfer coefficients
The overall heat and mass transfer coefficients may then be determined while accounting for the individual resistances. For the mass transfer coefficient, Mahmud et al. [10] and Nii et al. [11] indicate that resistance on the water side can be omitted. Therefore, the overall mass transfer coefficient from water to air can be obtained from the following equation:
Similarly, one can determine the heat transfer coefficient [4, 12, 13] :
Resistances in equations (3) and (4) can be determined using the formulas given by Zhang [12] :
The amount of heat and mass exchanged by the air in the whole membrane module per unit of time is given the following equations:
Experimentally, taking into account equations (1-2) and (7) (8) , the overall heat and mass transfer coefficients can be calculated as:
In the case of the membrane module, when the water circulates in a closed circuit as a result of heat and mass exchange processes, the water temperature is set (tw1 = tw2), hence:
Analogously, the logarithmic mean difference of concentrations can be determined as [14] : 
Shell side heat and mass transfer coefficient
The convective coefficients of heat and mass transfer on the shell side will depend on the geometry of the module, the system of membranes in the module, or the method of fluid flow through the module. These coefficients can be expressed respectively by Nusselt and Sherwood number:
Correlation equations allowing to determine Nu and Sh numbers on the shell side of the membrane module are summarised in Table 1 and Table 2 . Nu and Sh number can also be determined by way of the analogy to heat and mass transfer [15] : 
The schematic drawing of the module and the way the membranes are arranged as shown in Figure 1 . For heat exchangers with cross-flow, the Reynolds number should be determined at the maximum velocity [29] :
where:
If SL = ST, dimensionless coefficient a for a staggered arrangement can be determined from the following equation [12] :
Experimentally, convective heat and mass transfer coefficient can be determined taking into account equations (3-6) and (9-10) as:
  
Experimental setup
To determine the experimental convective coefficients of heat and mass transfer on the air side, a membrane module with a polypropylene capillary membrane (PP) was used with the following parameters: 1.67 mm membrane inner diameter, 2.71 mm membrane outer diameter, 0.43 m average pore size and 0.55 m maximum pore size. The module uses 744 membranes. The effective length of the membranes, equal to the length of the air inlet, was 400 mm, which gave an effective area of 2.53 m 2 . The packing density was 663 m 2 /m 3 , packing friction was 0.45. The membranes were arranged perpendicular to the direction of the air flow (Fig. 1) .
The measurements were carried out on the test bench, the diagram of which is shown in Figure 2 . The test bench was equipped with devices enabling measurement of the following parameters: temperature and humidity of the outside air; temperature and humidity of the air at the inlet and outlet of the membrane module; air flow rate in the duct; water temperature before and behind the module, water flow rate.
The measurements were carried out for variable air and water flow. For air, the flow was changed in the range of 80-120 m 3 /h and for water: 40-100 kg/h. One example of air conversion in a test installation (in a membrane module) which takes into account the parameters of the outside air during measurements (point 1) is shown in the diagram i-x (Fig. 3) . 
Results and discussion
The experimental values of the Nusselt and Sherwood numbers were obtained by averaging results from experimental data determined at different water and air flows. The values obtained in this way were compared with the values obtained from existing correlations describing convective heat and mass transfer coefficients on the external side of the membrane module (according to Tables 1 and 2 ).
The results of the analysis are presented in diagrams in the form of the dependence of Nu = f (Re) and Sh = f (Re) (Fig. 4a and Fig. 4b ). The analysis shows that Nu and Sh numbers are functions increasing with an increase in Re number and virtually independent of the stream of water flowing through the membranes. The variation of Nu number ranged from 0.92 to 1.46 and in the case of Sh number it was from 0.78 to 1.59. Figure 4a shows that good fit between experimental and calculated data can be obtained after applying equation (14) for correlation (24) according to Prasad and Sirkar [25] and worse from equation (25) by Koo and Sangani [26] . The remaining equations significantly overstate the obtained results in relation to the experimental data. The membrane module is similar to a shell and tube heat exchanger. However, there are several differences between these systems, for example: membranes are flexible, fibers have a small diameter. As a result, the flow in the shell side has a much more complicated profile than that in heat exchangers. This may be the reason overstate Nu numbers obtained from equations (15)- (18) . In the case of mass transfer, the experimental data could also be found between the results obtained from equations (24) and (25) (Fig. 4 b) . Hence, not taking into account effect of module geometry, such as membrane packing fraction ratio, the equations typical for cross-flow have significantly overestimated the obtained values in relation to the experimental data obtained. 
Conclusions
Among the equations compared here describing the mass transfer on the shell side of the module, the best fit of experimental data was obtained from the equation (24) developed by Prasad and Sirkar [25] . The average difference between the experimental values of Sh numbers and the calculated from this equation was 17%. After applying the equation describing the analogy between heat and mass transfer, equation (24) by Prasad and Sirkar can be used to determine the Nusselt number. In this case, the average difference between the experimental Nu numbers and the calculated did not exceed 8%. 
